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FOREWORD

This report covers research performed on the AFML light-gas
. gun facility. Part of the reporting effort was pursued by AFML

: personnel and the remainder was conducted by the University of Dayton
Research Institute, Dayton, Ohio under Air Force Contract

'~ F33615-68-C-1138, Project 7360, Chemistry and Physics of Materials,
& Task 736006, Hypervelecity Impact Studies. kxperimental work

; covered in this report was completed during July 1968. The portion

of the research perfeormed by the University of Dayton Research Institute
i was administered by Mr. Alan K. Hopkins, Project Engineer, AFML.

The authors gratefully acknowledge the support of the facility
operations group under the direction of Mr. Lewis Shiverdecker.

The manuscript was released by the authors in August 1968 for
publication with a University of Dayton report number UDRI-TR-68-30.

. This technical report has been reviewed and is ai,;proved. .

HERBERT M. ROSENBERG

Chief, Exploratory Studies Branch
Materials Physics Division
Air Force Materials Laboratory
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ABSTRACT 3
An experimental study has been conducted to evaluate the ;.
importance of bumper materials selection upon the performance of
two-component hypervelocity impact bumper shields. Several
bumper materials were found that were equally effective on a mass 3
per unit area basis. Bumper material effectiveness dropped
rapidly with bumper material density when this density was below
2 gm/cc. Optimum bumper thicknesses exist for minimizing total ;
shield weight for all bumper materials investigated. All of the s
data obtained in this study can be explained by an analysis of the
states of the impacting pellet and bumper material within the debris .j
cloud projected behind impacted bumpers. The most important %
parameter controlling shield operation is the state of the pellet &
material in the debris cloud. %
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THE EFFECTS OF BUMPER MATERIAL PROPERTIES
ON THE OPERATION OF SPACED

HYPERVELOCITY PARTICLE SHIELDS

I. INTRODUCTION

Large space vehicles committed to long duration missions are
- subject to potentially disastrous encounters with meteoroids. Protection
against this hazard must be provided to assure adequate mission
reliability.

The "bumper shield" concept originally proposed by Whipple(l)
remains, after considerable evaluation, the most promising technijue
for providing the required protection against particle impacts. The
protected component (such as the vehicle hull) is shielded from direct
impacts by interposing a relatively thin continuous sheet of material
(bumper) some distance in front of the protected component to intercept
incoming particles. Incoming particles impact the bumper and are
disintegrated, and the protected component must withstand encouaters
with relatively diffuse debris clouds from the bumper~-particle impacts.
The resultant reduction of spacial impact intensity on the protected
component allows it to be lightened enough to more than offset the weight
of the bumper without sacrificing overall impact resistance., Equivalent
impact resistance has been demonstrated for bumpered structures
weighing as little as 20% of corresponding single plate shield~(2),

Many studies of both general bumper shield structures and
specific structures proposed for particular vehicles have been carried
out(z' 3,4), 1nan cases, the impact velocities used for the studies are
sigrsticantly below those anticipated for encounters with macroparticles
in space. The required velocity extrapolations between laboratory tests
and space environment are hazardous unless the phenomena controlling
particle shield operation are well understood. This report covers one
phase of an AFML effort to evaluate bumpered particle shield effective-
ness and the phenomena controlling shield operation, The effects of
bumper materials properties on overall shield effectiveness have been
investigated. The results from this study help to delineate the require-
ments for bumper materials and configurations needed to optimize shield

R N T M w3 £

e £

oAb e

T IR s o

hs al .




effectiveness and can be used to elucidate some processes controlling the
operation of bumpered shields.

II. BACKGROUND

The following qualitative description of impacts between hyper-
velocity pellets and thin plates has been widely accepted by workers in the
hypervelocity impact field. Upon impact, sirong compressive shock
waves propagate forward and outward into the plate and rearward into the
oncoming pellet. These waves are attenuated by pressure release waves
that propagate inward from all free surfaces encountered by the com-
pressive waves. The compressive and release waves establish a
material flow field that controls the ultimate disposition of both the
pellet and plate material. The bulk of this material is projected behind
the plate in an expanding bubble while almost all the remainder is
projécted in front of the plate along a conical surface centered around the
original pellet trajectory. A small amount of impulse that is trapped in
the plate projects laterally outward from the impact point and is respon-
sible for forming the final hole in the plate.

" The direction, speed, spacial density, and physical state of the
material projscted behind the plate are determining factors in establish-
ing the damage potential of debris clouds. Two approaches are currently
available to vehicle designers to predict this damage potential. Rolsten,
ot al.{5) noted that, over a wide range of material properties, equal
bumper areal densities produced debris clouds with approximately equal
‘damage potential (i. e. thick bumpers of low density material behave in
& similar manner to proportionately thinner bumpers made from higher
density material). Rolsten examined m=terials whose densities ranged
from magnesium-lithium alloy (p = 1. 35 gm/cc) to steel (p = 7.8 gm/cc).
This concept was later verified by using gold bumpers (p = 19. 24 gm/cc)l 6),
Riney and Heyda came to a similar conclusions from a purely theoretical
study of imgact between aluminum cylinders and thin plates at
15 km/l_ec( ). They computed the ratio between the debris cloud impulse
directed along the original pellet trajectory and the outward directed
impulse perpendicular to the pellet trajectory for several bumpers
subjected ro identical hypervelocity impacts. These ratios correlated
with the total areal density of the bumper configurations only. Riney
and Heyda reasoned that these impulse ratios determined the effective-
ness of bumpers for diffusing the pellet impulse and, hence, the overall
bumper effectiveness.

It is of interest to note that total mass of debris clouds falls
monotonically with increasing density of bumper material when equal
bumper areal densities are maintained. Several investigators have noted
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that the hole diameters in thin plates impacted b{3h§p%1;velocity pellets
decreas2 rapidly with decreasing plate thickness'~* ™’ For example,
Maiden and McMillan developed the following empirical expression for
determining hole diameters that predicts a 2/3 power relationship
between plate thickness and hole diameter.

2/3 } ]
D _ v t
e = 2'4('6) d_o) +.9 (1) r

hole diameter

3

o
i

Q
n

projectile diameter

o
"

plate thickness

<
]

pellet velocity

c sound speed in the plate

Carson and Swift disagree with the above expression in detail but agree
with the general trends 9, ‘

Systematic decreases in hole diameters Jead to similar decreases
in the material available to the debris cloud since: the cloud is made
up of the pellet material plus material removed from the bumpe:; and
the available bumper material is a function of hole diameter only. Thus,
debris clouds generated behind high~density bumpers contain less
material and yet are equally destructive. For this to be so, some
mechanism must be operating to counteract the effects of changes in total
debris cloud mass with changes in bumper density.

- 8 ot s X T 5

Maiden and McMillan reported significant.differences in bumper
effectiveness that were correlated with the fusion and sublimation
energies of the pellet and bumper materials(3), They follow an earlier .
argument presented by Bjork, et al.(10) that the primary compressgive
waves generated by a hypervelocity impact are sufficiently intense to
significantly increase the entropy of the material through which they
propagate. The unloading waves that return the material to zero
pressure are nearly isentropic regardless of their pressure span. Thus,
entropy is trapped in materials subjected to intense shock compression.
The trapped entropy appears as internal energy of materials after they
have returned to zero pressure. If the increase in internal energy is

. greater than that required to heat the material to the melting point plus
the material fusion energy the material returns to zero pressure in the
liquid state. The material returns to zero pressure as vapor if the
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intarnl.l energy increase exceeds the material sublimation energy.
Mniden and McMillan discovered that impact debris clouds of solid
ﬁ"-’pnrtirlot are considerably more destructive than those made up from
Ugnid roplets and that both are more destructive than gaseous debris
3 tlovds 3), Thus, the thermodynamic properties of pellet and bumper
materials strongly affect the operation of bumper particle shields. .’
These results have been verified by Zwartst4) and Carey“l). Thi line
| "+ uf argument leads to the prediction that bumpers with equal areal
i densities will not be equally effective if they create debris clouds wiooe
: materials are in different physical states. Thus, the two approache
vt 3, to'determining bumper effectiveness appear to contradict each other at

. least in this regard. . ;
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The ranges of applicability of these two approaches for predicting
bumper shield effectiveness (i. e. constant-areal density rule or thermo-
dynamic, considerations) and their apparent contradictions must be
‘resolved before reliable space vehicle shields can be designed. Current
‘1sboratory accelerators can achieve pellet velocities required for
generating either solid or liquid debris clouds when realistic pellet:
and bumper structural materials are tested but cannot generate vaporous

" cloulls with these materials. Vaporous clouds can be generated with
laboratory accelerators by employing low sublimation-energy materials
-luch as. plutic-, cadmium, tin, lead, etc. for the pellets and bumpers.

“To dite, the tests carried out to investigate debris clov.td p}xase variation

- have employed only identical pellet and plate materials 49, 11), Thus,
no experimental data capable of separating the independent‘effects oq

"melt‘l.u or vaporizing the pellets and the bumpers were avaflable pnor
to this study. 5

I, EXPERIMENTAL DESIGN AND RESULTS

The overall purpose of the experimental sequence for this study
was to compare the relative effectiveness of bumpers made from a wide
variety of materials. This effectiveness was established by deter-

**_mining the thickness of 6061-Té aluminum plates required to just
prevent perforations by debris clouds when placed 5. 08 cm behind
impacted bumpers. All other impact and target parameters were held
relatively constant. The resistance limit of the rear plate (ballistic
‘Hmit) was defined for this study as the minimum plate thickness that
would maintain a gas seal after impact. This rear plate thickness is
considered a quantitative measure of the relative destructive potential
the debris clouds generated for this study.

-
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Constant Bumper Areal Density Study

One series of firings was carried out to determine the accuracy
and range of validity of the constant~areal-density rule. The relative
effectiveness of 16 bumper materials where all bumpers had near
identical areal densities was determined. The bumper thicknesses were
adjusted to achieve a predetermined bumper mass per unit of presented
area (i.e. bumpers made from low density materials were propor-
tionately thicker than higher density ones). The areal density chosen
for this series was that of optimum-thickness 6061-T6 aluminum
bumpers established during a previous study(z). The other firing para-
meters are presented in Table I. Note that pellet velocities varied over
an extended range. Earlier studies showed (and this study has verified)
that rear plate ballistic limit thicknesses are highly insensitive to
pellet velocities in the velocity regime used for these experiments. No
anomalous results caused by pellet velocity variations within the range
of this investigation were detected durin% either this study of other
similar ones conducted earlier at AFMLI{2),

TABLE 1

Parameters of the Bumper Areal Density Experiment

Pellet

3.18 mm dia 2017 mass = 45.9 to 47. 1 milligrams
aluminum spheres velocity = 6.2 to 7.4 km/sec

Rear Plate

6061-T6 aluminum thickness = variable
rolled plate

Bumper

rnaterial = variable
material density = 0. 84-16. 64 gm/cc
areal density = . 210~. 249 gm/cm?

Bumper-Target Spacing = 5. 08 cm

The results from these experiments are presented in Table II
and Figure 1. A complete listing of data from all the firings used to
generate these data is presented in Appendix I. The double values
presented in the "Target'" and " Total" columns of Table 1I represent
the ballistic limit resolution achieved for each case considered. The
plot of rear plate thickness and areal density vs. bumper material

= 5
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Figure 1. Data Plot for Constant Bumper Areal Density Study
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density presented in Figure 1 illustrates that several bumper materials
whose material density is greater than 2 gm/cc adhere to the constant-
areal-density rule but that there are many exceptions. Figure 2
pxesantl photographs of the plates mounted behind bumpers that follow
the constant-areal-density rule., Data from some bumper materials
fall below the constant-areal-density line (Cd, Pb) [see Figure 3] and
some fall above it (Ni, Ta) [see Figure 4]. The most striking feature
of Figure 1 ie the extreme excursion from the constant-areal-density
Iine th;t occurs when bumpers whose material density is below 2 gm/cc
were examined, Photographs of the rear plates mounted behind these
b'umpers are presented in Figure 5. A rapidly rising linear function
appears to fit the rear plate areal density vs. bumper material density
plot over the density range observed. This function must steepen for

'bumper material densities below those examined since the rear plate

thicknees for zero density bumpers (i. e. no bumper at all) has been
determined earlier to be 11.23-11. 35 mm‘?2), Extrapolation of the
current curve yields a value of 3.55 mm. This sharp reduction in bumper
eifectrveneas with decreasing material density is of considerable

' n‘nportance to the design of practical particle shields for space vehicles.

Effects of Bumper Material Physical Properties

The other physical properties of bumper materials besides
material density and thermodynamic variables should have little or no
effect upon the formation of the high-energy-content segments of debris

_clouds caused by hypervelocity impacts. Relatively large fragments

propelled rearward from impacted bumpers at relatively late times in

.the process may contribute to the overall debris-cloud damage. The
formation and launching of these fragments are affected by the strength

and high strain-rate behavior of the bumper material. Thue, it is
canceivable that variations in the physical properties of the materials
‘will control bumper effectiveness. Both the qualitative and quantitative

‘aspects of the high strain-rate behavior of materials vary widely and

these variations are especially marked between materials with different
microstructures (i. e. crystalline, polymer, amorphous). Two groups
of materials representing the principle microstructure groups and
having as nearly identical densities as feasible were chosen for constant-
bumper-areal-density evaluations. The materials in group I have
densities above 2 gm/cc and should follow the constant-areal-density
rule while those in group II have densities well below 2 gm/cc

placing them in the region where bumper material density affects bumper
performance. The results of the bumper microstructure evaluation are
prescnted in Figure 1 and Table III. No effect of material micro-
structure is observable in these data. The materials in group I obey

the constant-areal-density rule within the resolution cf the data. The

-8-
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Figure 3, Witness Plates Behind Bumpers Whose Materials
‘Were Vaporized by Pellet Impacts

NICKEL TANTALUM
p2873 gm/ce p1664 gmsce

' Figure 4. Witness Plates Behind Bumpers Whose Materials
Were Fragmented by Pellet Impacts
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shifts in material effectiveness observed among the materials in group II
can be correlated with the overall dependence of bumper effectiveness
upon material density as shown in Figure 1.

Effects of Optimizing Bumper Thickness
Upon Farticle Shield Operation

Several investigations of spaced particle shields have indicated
that optimum bumper thicknesses exist for particular impact
situations(2s 3, 5), Basically, extremely thin bumpers fail to completely
disrupt incoming pellets or to spread the impact debris over a sufficient
area for component protection. Excessive bumper thickness directly
reduces overall shield weight effectiveness, and may increase the
damage potential of the debris clouds by increasing the average size of
the projected fragments. Some bumper materials used in the constant-
areal-density study may appear less effective than they actually could
be since bumper thicknesses which were not optimum were used.
Therefore, the effects of bumper optimization must be investigated
before definite conclusions regarding overall shield effectiveness can
be drawn.,

Two criteria are possible for defining optimum bumper thicknesses.
The first is to minimize the total shield areal density, which has obvious
engineering significance. The second, and closely related criterion
is that of optimizing the bumper thickness to provide a debris cloud of
minimal damage potential as defined by the rear plate ballistic limit
thickness.

A firing sequence was carried out where the ballistic limit
thickness of rear plates was determined for each of several thicknesses
of several different burnpei1 materials employed in the constant-areal-
dznsity study. Figure 6 is a plot of rear plate areal density and total
areal density vs. bumper plate thickness of 6061-T6 aluminum: bumpers.
Note that the optimum bumper thickness required to produce a minimum
total shield areal density is significantly less than that required to
produce a debris cloud with mini: ‘um destructive potential. This shift
between the two optimization criteria arises because rear target areal
density is reduced to a lesser degree by generating a minimally destruc-
tive debris cloud than is expended in increasing bumper thickness to
produce minimally destructive clouds.

Five materials, paraffin, magnesium, 6061-T6 aluminum, steel
and cadmium were chosen as representative of the materials con-
sidered in the constant-areal-density study for the bumper thickness
investigation., Paraffin and magnesium have low enough material
densities to place them in the density dependent region of the bumper
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eikoctivenen plot (Figure 1). Aluminum and steel are materials that
obey the constant-areal-density rule and cadmium is a material
which fails to obey this rule.

The overall results of the bumper thickness investigation appear
in Figures 7 and 8. Detailed plots containing data points for each of
the curves are presented in Appendix I. The plot of shield areal density
vs. bumper areal density shows that none of the materials examined
have the same optimum bumper areal density as 6061-T6 aluminum (the
bumper material used as standard for the constant areal density
investigation) but that all the optimum areal densities are quite close to
that of aluminum. In the worst case, steel, a 5% reduction in shield
areal density would have resulted if the optimum bumper thickness had
been employed rather than the bumper thickness required .o produce the
arbitrarily-chosen standard areal density. Thus, no indication exists
that the use of non~optimum bumper thicknesses are responsible for
either the qualitative or quantitative aspects of the bumper areal density
plot presented in Figure 1.

The results of plotting rear plate areal densities vs. bumper
densities {Figure 8) show that two distinct types of behavior are present,
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Steel and 6061-T6 aluminum show defirite although broad minima

: j.nd,iating the existence of optimum thicknesses for producing minimally
. destructive debris clouds. On the cother hand, the destructive potential
2 of debris clouds generated by impacted parafiin and cadmium bumpers

) monawnically decrease with increasing bumper areal density. The

B 2w tva.ilable data for magnesium bumpers does not cover a sufficient range
“to determine its behavior but it appears to be near a transition between
the two groups.

IvV. DISCUSSION

g ‘ . The entropy trapping arguments used to predict the physical
 state of debris clouds behind impacted bumpers and the arguments
yh.2 - perfaining to debris cloud spreading can be employed to explain most of

. the experimental résults discussed above. The following is a resume
. "of the experimental results that must be accounted for by any successful
‘ inlynia of bumper operation. Many bumper materials with material

densities greater than 2 gm/cc obey the constant-areal-density rule

(i. e. bumpers with identical areal densities produce equally destructive
; ‘debris clouds behind them when subjected to identical hypervelocity
; iml:actn) Bumper materiala with notably high sublimation energies are
= léﬂa effective than the constant-areal-density rule suggests and
f“. materials with distinctly low sublimation energies aras more effective,
[ 4 ‘Bumpers made from materials with densities below 2 gm/cc deviate
sharply from the constant-areal-density rule, In this material density
region, bumper material effectiveness legenerates rapidly with

s §7 5 decreating material dengity, Optimun. bumper thicknesszes exist for
G e all materials examined when the areal density of tne complete shield

:
C R ¥

(buxnper plus rear plate} is employed as the dependent variabl~. The
bumper matsrials fall into two groups, one showing optimum bumper

. U thicknesses and one not, when cloud destructive potential (rear plate

- balM~tic limit thickness) is chosen as ithe dependent parameter.

17 Finally, no change in the destructive potential of debris clouds can be
traced to the other physical properties of the bumper materialg or their
microstructures.

Operational Hypothesis and Related Observ....uns

The following explanation of the experimental regults has been
‘ adopted as a working hypothesis, The rate of debris cloud divergence
from the original pellet trajectory and the physical state of the debrie
cloud material are the most crucial parameters controlling debris cloud
damage potential. When both the pellet and bumper materials are
Yguified by impact~induced shock wavee, the constant-areal-density rule
describes bumper performance. Sirnilar areal density rules employing
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different values of bumper efficiency may describe the behavier of
bumper~pellet systems where the bumper material remains solid or
vaporizes but where the pellet material is melted. Bumper materials
with high sublimation energies used for this study (Ni and Ta) were not
melted by the impact shock waves. The rear plates behind these bumpers
exhibited small-deep craters indicating impact by relatively large, high
density fragments (see Figure 4). These fragments are almost certainly

_bumper material. The low-sublimation-energy bumper materials (Cd

and Pb) were vaporized by the impact induced shock waves while the pellet
material was melted. The resulting debris clouds made up of liquified
pellet material and vaporized bumper materials were correspondingly
less destructive (see Figure 3). Note that both of these effects arising
from bumper material states are relatively minor. The maximum
deviations observed from the constant-areal-density behavior were 25%
in the region of the plot where bumper density exceeded 2 gm/cc.

The relative insensitivity of the debris cloud destructiveness to bumper
material state changes arises from the fact that the energetic tumper
material makes up a relatively minor fraction of the total debris clouds.
Almost all the energetic bumper material in the debris cioud comes from
a cylinder within the bumper whose diameter approximates that of the
pellet. Since all bumpere considered have equal mass per unit areas,

the masses of all these cylinders are approximately equal and contain
approximately 27% of the total debris of the cloud mass. Thus, the major
portion of the debris clouds consists of pellet material which is in the
same state (molten) in all cases considered.

Pellet impacts with bumper materials whose density is less than
2 gm/cc do not produce sufficiently intense shock waves to melt the
pellet material, Thus, progressively larger chunks of pellet material
pass through the bumper and impact the rear plate with progressively
greater destructive power as bumper densities are reduced since these
reductions lead to corresponding reductions in peak shock wave pressures.
The resulting progressive increase in mean crater size on the rear
plates protected by bumpers with progressively lower densities can be
observed in Figure 5,

No direct explanation is available for the qualitative diffevence
between the two types of bumper thickness vs., debris cloud destructive
potential plots (Figure 8), The difference in cloud destructiveness must
be due exclusively to bumper materials properties since all other impact
parameters were held constant. The variation was observed to correlate
with whether the bumper material vaporized (Cd, paraffin) or melted
(Al, Fe), but could also be correlated with gross material strength, and
a number of other strength~related parameters.

The only bumper material parameters that were found to affect
particle shield operation were the density, fusion energy, and sublimation

=




energy of the materials. In particular, wide variations of material
static strengths, ductility, and high strain rate behavior had no
deceraible effect upon shield performance. Since bumper operation is
not affected by bumper material strength and high strain rate para-

- meters, the high energy components of the debris cloud must determine

.-its destructive potentizl. Material strength parameters affect the
components of the debris cloud launched during the iater stages of the
hole growth processes but have no effect upon early~time processes
whera typical pressures are two to three orders of magmtude greater
than materials strengths,

v

Shock Wave Heating Evaluation

.. The most revealing test of the operating hypothesis discussed
above is to compare the experimental indications of pellet and bumper
material states in debris clouds with predictions developed from
nonrelated experiments and fundamental theory of shock waves in-
‘solids. The peak preseures generated have been approximated by those
generated during the impact of two parallel half spaces, one made from
pellst material and the other from bumper material. Arguments
justifying this approximation are presented in Appendix II. Local areas
within 2 spherical pellet experience pressure augmentation and reduction
due to shock focusing but their overall effects are insignificant.
Appendix LI contains a short discussion of the theory and techniques

' required for computing one-dimensional shock pressure. Necessary

-+ inpute for these computations are the shock-dynamic equations of state
for the participating materials and emperical Hugoniot data which for
many common materials are currently ‘availaklel 12, 13),  These data pl s
the techniques presented in Appendix II were used to generate the peak
pressure vs, bumper material density plot presented in Figure 9. Note
that the peak shock wave pressure for aluminum peliets impacting
various materials rises almost monotonically with increasing

material density. A monotonically increasing band (shaded area of

f‘:, ; Figure 9) contains all the materials usec in this study. Finally, note

4 the miniscule value for the estimated dy.:amic shear strengih of the
alumirum pellets., This strength, typical of the pressure required ¢n
deform a pellet, is less than 2. 5% of the lowest peak shock wave
pressures considered.

Appendix II also contains a description of the technique used to
evaluate the residual heating of materials exposed to sheck waves,
Several sources for this data are currently available but they do not
agree closely with one another. This difficulty arises because little
sccurate data concerning the fusion and sublimation energies of materials

-18-

o N el R rgm A b AN GAAIES T tins S TR T L S DO S A AT A ot s O WO M e Tt oot
P - AEE—— e e fal i S i
iy Trike ; B s fhE Feetil y 1= 4 <




1800,
Ta

0ot

p

;

g &

PRESSURE (kilobars)

DYNAMIC SHEAR STRENGTH OF THE
ALUMINUM PELLETS (sstimoted)

1 A A A .

0 2 4 s & 0 12 " s 8
MATERIAL DENSITY (gm/cc)

Figure 9. Peak Shock Impact Pressure Generated by Aluminum Pellet
Impact vs. Bumper Material Density. Shock Pressures
Were Computed ¥rom One-Dimensional Impact Analysis,

is currently available, Another smaller effect contributing to the lack
of agreement between investigators is the lack of accurately determined
equations of state for the materials used for this study. Complete
equations of state are needed to compute the pressure~density profile
followed by shock compressed material as it returns to zero pressure
.along an isentropic path. The presently available data concerning shock
heating of materials used for this study is presented in Table IV. The
double values for material melting and vaporization occur because of the
finite energy required to melt or vaporize material once it has been
heated to the melting or boiling points. Figure 10 is a plot of cempera~
ture vs. internal energy for a crystalline material extending from the
solid through the gaseous states. The relative energies required to
cause incipient and complete melting, and vaporization are indicated.

Table IV aiso presents the impact velocities of aluminum pellets
required to melt and vaporize the bumper materials. Data from this
table were ased to determine the conditions of pell: ! and bumper material
in debris clouds presented in Table I. Figure 11 iz a replot of rear
plate ballistic limit thickness vs. bumper density for the constant
bumper areal density study where the pellet and bumper material states
in the debris clouds are indicated. Note the agreement between the
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Figure 10. Temperature vs. Internal Energy of an Arbitrary
Crystalline Material Showing Melting and Vaporization

operational hypothesis and the experimental results, i.e. (1) materials
where pellets and bumper melt following a constant-areal~density rule;
(2) bumper materials that vaporize or fail to melt fall below or above
the constant-areal-density line, respectively; (3) bumper effectiveness
drops rapidly with reducing bumper density once peak shock pressures
fall below those required to melt the aluminum pellets.

V. CONCLUSIONS

The conclusions of this report must be considered in the light of
current information pertaining to the operation of bumpered particle
shields. First, the shock heating analysis described above appears to
be a valid description of the phenomena controlling bumpers particle
shield response to hypervelocity impact. The constant-areal-density
rule for predicting bumper performance has been validated at least for
the cases where both pellet and bumper materials making up the debris
clouds are liguid. That absolute shifts occur in bumper effectiveness
between bumpers whose debris cloud material remains solid, melt, or
vaporize has been substantiated. Indications are strong that other
constant-areal-density rules with different values of overall
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effectiverniess can be established to describe shield operation for cases
where the shocked bumper material remains solid or is vaporized.

Changes in the state of pellet material in debris clouds have been
shown to exert the strongest influence on bumpered shield performance
of any parameters investigated. Bumper effectiveness drops rapidly
with decreasing peak shock wave pressure once these pressures were
reduced to values below those required to melt the incoming pellet.

Peak shock wave pressures were controlled by varying bumper

densities, It would be of interest to adjust these pressures in the future
by changing impact velocities. The arguments concerning pellet material
state would be strengthened further if the velocity dependence of shifts

in the minimum bumper density required to achieve compliance with
constant-areal-density rulee could be predicted.

Finally, the question of bumpered particle shield behavior when
incoming pellets are vaporized by bumper impacts is of extreme impor-
tance. The question of whether another sharp increase in bumper [
effectiveness occurs when the pellet is vaporized by the impact is still i
open. Experimental studies of this regime can be accdmplished by
employing pellets made from low=-sublimation-energy materials such
as cadmium, tin, zinc, or plastics that can be vaporized by currently-
attainable shock pressures. Amny significant excursion of these results
from those obtained when impacting pellets are melted would be of
extreme practical as well as fundamental significance.

Many lower velocity meteoroids and man-made pellets will be
melted by encounters with space vehicle bumpers whereas the higher
velocity pellets will be vaporized. Practical bumpered particle shields
must be capable of withstanding impacts from pellets that will be either
melted or vaporized by the impact-induced shock wave, ﬂ

Future studies will pursue the effects of bumper spacing and
foam or other energy absorbing fillers on the ballistic limits,
especially with regard to their modification to the physical state of .ae

debris clouds. {
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APPENDIX 1

SUPPORTING DATA

This appendix consists of a computer printout listing pertinent
paramsters of all AFML gas gun firings whose data were used in this
investigation (Table V) plus detailed plots of several curves presented
in the main text showing individual data points (Figures 12-16), A
_ kr'q fraction of the firings were carried out for other purposes but
were found to be applicable for this investigation. All the data is
tabulated in hybrid MKS-CGS units but English engineering units are
include’d on some graphical plots ag appropriate. The densities of all
mt.cz;hh used in this investigation were measured directly. Note
that the reported densities deviate from handbook values in several
inlml. Pellet velocities were measured using a pexBendmular-slit
-ltreak camera system described in a previous repor 14) A1l other
measurement techniquee are straightforward.

-26-

1
'J}.-'




i

AFCURi A

i

o e 1 <

e rom v

I IR o, e vy eyt 2 sen

t‘-‘i

Apmys hﬁcnovn.ndoud.éﬂ-a.uou oy} 207 posn SSwiSTL o

622 S3A 0L °$$01 ce*9 99°¢y 8sL°0 €96°0 €GZ°0 91c¢°0 Ls1°y
00€2 S T8 L *0001 19°9 08°sy T€L°0 sis*0 g€61°0 91¢°2 L81°C LET AOTIY iT-OW
10€2 19 12°s *L201 oL°9 LL°SY 0§6°0 $9L°0 6LC°0 %€Z%0 YEL° 0y
6622 S3A €0°S ‘€101 »8°9 26°SY 616°0 £89°0 L82°0 9te°0 *e2°0, oot T d3AvVh
Y0€2 ON 96°¢ °2901t 18°9 4’ 14 §66°0 c8L°0 2¢¢°0 61¢°0 FEC Uy
90€2 S3A €1°s 41 ] 0Z*9 06°SYy 1L6°0 €64°0 F4 XAde] ol¢°0 9e2°Vg
2622 S3A 0€°S *626 L€°9 9L°SY Le6°0 61L°0 £92°0 elec®0 9EL Vg
8iZe S3A $0°¢ ‘0611 $0°L 00°8¢y 168°0 64%°0 L2 YK ele0 IET vy
€Lz S3A 0%°9 °9811 L0°L 0%y $09°0 L8€°D $91°0 3§} JE2°Ug 26°C SN3ITAKLSA WG
09¢€2 19 16°S *zZozt s2°L LSS 400°1 osL°0 F{X 2] e 992°0g
68€C S3A 91°S *eell $0°L 9L°SY €eL6°0 9%L 0 6LC°0 PR A 9920y
€2e2 ON €0°9 *9021 92°L oL SY €911 §56°0 vSE°0 802G “¥22°y
»2¢e2 oN L 31 *o121 92°L 26°5Yy 221°1 916°0 £9€°0 Loy Ady] 9éz°J
1 T4 %4 ON 20°¢ ‘o1zt L2°L 8L SY 060°1 288°0 OEE®Q ul<®0 922°v
22¢€2 S3A 08°s cLezt €L 9E°GY £90°1 $98°0C 0ZE*D §Ce°0 92¢°0
91€2 S$3A 2€°S *116 2€°9 oL sy 950°1 8%8°0 L1E°D vCZ0 22E°C
$1€2 S3A r4 Ad €68 22°9 g81°9¢ 286°0 €LL*0 0620 €Ceto 922°2 2e*C adl
62€2 ON €8°% *6Ll1 gt 89°SY $80°1 $89°0 LSS0 0Ce*y TR AN
¥EEZ 9 16" °L911 »Il*L cL° s 600°1 oi%°0 LYY 24V oot C Y8 R
2€e? S3A - 1341 *c68 §2°9 €L°SY 2%6°0 £9§°0 (4 & AV ottty $L9°0 -
82¢€¢ S3A 66°S *1221 [] 2V . e8°sYy t10°1 99L°0 . ede®d L9¢°0 it o
11€2 ON 6S°S *186 2%°9 21°9¢ 190°1 898°0 LIE®D €140 r32°y,
61€2 ON €l°g *scé 8€°9 98 °Sy 9€0°1 128°0 LLE*0 €lc°0 95¢ "0y
oece ~3A L2°S *1¢8 0o1°9 LSy 000°1 i8L°0 $ed*0 gic*y 992 vy
o1€2 S3A oL°S *116 62°9% 90°9¢ 9%6°0 €SL°0 F3"rAd) £l1cy v$2°0Cy
92¢2 (s L] e yL *e0zt s2°L LL°SYy 8l1°1 €8o°C StV ¥ 10 1%
122 S3A L0°9 *L021 §2°L C6°SY 266°0 L TRd¢ L1€°Q 2€1°0 Sl LI Nisavavd
(W) 1S3ITNAr) (I3IS/WN) (9W) JLTesRI/NO) [ Zxands/nD) {h3) CannI/n9) t{ns) (2J7n9)
*ON *4¥3d °0 3NOID A9d3N3  ALIJOTN3A SSVW V3av/SSYW| VIHV/SSVA SSIANIIRL {vZav/sSVh SSziwdliHie ALlSNau V! 4347w
GNNOY  1INH _ AV ¥dS
S1INS3d 3 1933r08e I940L AR saabliy

Apnig s30933F syerasjey iadwng syj) 10y pas[) spunoy unn ser) [Iy 103 eie( Burar g

A dTIVL

_ —— L

-27-




y—

R

“Apnys A3TRUSP TV IT~UNIETOT 83 10] pesa BFUYE(T &

S%9T ON 2e°9 *6011 L5°9 oL 5> $890°0 6EE"0 La1°0 9%%°0 $ec 0

9942 oN L1°9 *4501 08°9 49° 9y 69L°0 ¥22°0 ¥60°0 9%6°0 9EC°0

1692 OK 61°6 9601 26°9 L°sY 69L°0 ¥22°0 $60°0 99%°0 952°0

064 §3a £€¥°01 0601 68°9 $8°6Y €1L°0 0L1°0 €9C°0 5%5°0 9€2°0

L4324 $3A 1Z°6 *s011 $6°9 ¥8°sY $1L°0 0L1°0 €500 99%°0 9c2°0

eLez on gi°e €121 11°L 00°8Y £19°0 L8€°0 $%1°0 62270 660 0y

L2 T° 98°L *sZl1 Ze°9 0t *8% 186°0 £s€°0 etitc €2¢*0 660°0y

6942 $3x 8g°9 *6901 €879 §L°6Y 628°0 ZiL°0 ise°o L11°0 ieG°0

8y s34 Q9°9 *%L0% $8°9 08°sY 8ZL°0 019°0 6cZ°0 +11°0 186y

Ly02 $3A €9°9 b 12 88°¢ 26° 3% 26%°0 $L9°0 BLT*0 411°0 1s0°0 iere - LA ET Y
56T aN §e°8 o111 6lL°® 0z sy 809°0 08c°0 Z91°0 8220 S0T1°Cy

6422 ON 8s°L °8801 8L°% 0%°Ly 802°0 c8e°0 ¢41°0 8z2°0 201°0yg

16228 $34 9.i°9 *i€01 *S$°9 oy 8e ¥15°0 9% °0 0ei0 8€z*0 Y01°0g

Yotz $35 66°¢ ‘ot 16°9 $L°SY 064°0 14 Age] LST°0 oL1°0 &docv 61°¢ 38VY1%
13424 ‘oN 29°L *o001 88°9 6L°SY 190°1 £06°0 061°0 656°0 L1e"0

yoo2 3 0s°9 *62:1 10°L 08 sy 868°0 6EE°0 LZ1°0 56%°0. LIE®Q

99€2 oH 60°9 *Ze2t 9€°4 8 °5% €98°0 ¥49°0 142°0 2220 L2 Uy

1 1414 OoN 29°9 *8011 9%°9 gL sYy $9L°0 €9$°0 €07°0 %2¢°0 Li1°0y

s0€2 19 °2°9 “ISTT 80°L  e°sy| 159°0 129°0 09170 ¥ezeo L2109

L2474 R 49°9 “4911 1%L vL°s5Y 1190 42%°0 091°0 61°0 »01°0

gs¥2 19 99 *160Y  06°9 98°Sy| 0v8°D 612°0 692°0 121°0 690°0

WY SIA WY *€801  68°9  $5°S¥; &9L°0 ¥99°0 192°0 121°0 690°6

I$9Z S3A 60°8 i 65°9 OL°Se| 625°0 89%°0 SL1°0 123°0 690°0 9Lt i 1S 2N Y0
L2 onN 95°€ *s0it 18°9 oe"Ly i88°0 eL9°0 *52°0 612°G 91°0g

SI12Z  $3A 69§ SLLTT 20°L  08"iv]| 909°D 18€°0 $91°0 €12°c 913y

o8z oW 25°9 146 16°9  Zu°sy! 0990 ¥99°0 192°0 9i2°0 1%51%2

1632 oM 29°¢ STLOT  98°9  SL°sv!  929°0 019°0 622°0 912°0 451°0

o0ET  $3A  12°8 886 95°9  96°sv| 68i1%0 €8540 $12°¢ 912°0 4$1°3

22 S84 2L 266 1£°9  0o°oe | 8sL%Q E¥6°0C €020 91270 L61°0

: ) [1S23006) (QaS/M) (ON) [1Zaowd/u9) HZesNI/WIY  (mD)  |(Zeokd/mI)  (n3)  (2D/m9)
*ON  *2¥3< G MDD | ASUINI ALID0VIA SSYN..| VINW/SSVH | vIuv/SSYM\SSINNOINL | YIRVSESYR SSINNDINL ALISNIT W1 wiive
? € S b o -
—ar 1 a._pm.m__ EH133M0% Wiol 1 |Vmﬂ T PEPT

-28-




*Apris L11USP-TERIE-URIBES oy 26§ pasn ehuiaiL »

LESZ $3A 91°L . et 10°¢ "9 sy 29€°0 9€1°0 1$0°0 422 160°Qy 9%°y KNINVLIL . ]
o NS 5
1492 ~ ON oL°21 *1€6 9€°9 2L°%% $01°1 02%°0 491°0 $89°0 L5¢°0
, €012 = S3IA 6€°L “g101 99°9 ¥9°5Y 9s0°1 €L€°0 0v1°0 $§9°0 492°0
1 9€22 ON ¥6°S *ELy $5°Y 8L°SY $66°0 129°0 091°0 LE%°0 091°0
4 2902 ON 96°01 *2021 iz°L yL° S 99L°0 6€€°0 421°0 129%°0 091°0
hij S3A 20°6 *2021 s$Z°L LSy L€9°0 012°0 6L0°0 12%°0 0910
2 . 1042 ON g€ 1t *0021 2L YL° %Y 1$9°0 €L€°0 0%1°0 8L2°0 »01°0
| m 63%2 19 $$°8 *€o02t €2 00°%9y 419°0 6EE°0 421°0 eL2°0 *01°0
b 9902 ON 19°01 ‘1Lzt T€°L 96° LY 169°0 12%°0 091°0 ¥2¢°0 %80 °0g ;
; H 64%2 ON 69°8 *1001 €9°9 08°sY 1€9°0 4L0%°90 2s1°0 ¥22°0 *90°Cy
i 2902 ON. $.°01 *1611 0z°1 68°%y 019°0 18€°0 5%1°0 ¥c2°0 ¥80°0g
m 9602 S3IA 12°6 °oLé 6€E°9 99°LY 16%°0 €L€°0 0%1°0 $22°0 ¥80°0Cy
A & r 4144 SIA €9°9 °4021 9Z°L EL°SY L6%°0 €LE€E°0 o%1°0 ¥22°0 ¥80°0y
S €502 SIA 9%°6 °8L6 29°9 2S°LY 166°0 €LE"O 0%1°0 ¥22°0 ¥80°0y
3 ‘| OLET S3A L (3§ *8501 €6°9 6L°SY €96°0 6££°0 L21°0 ¥22°0 ¥00°Cy
A M 19€2 S3A 11°L *8&11 11°L 28°¢Y 20s°0 8L2°0 401°0 ¥22°0 ¥80°0y
£ 1902 S3A €4°01 *L021 €1°L »S° LY 849%°0 422°0 ¥80°0 ¥2¢°0 ¥00°0g
_ .3 €9€2 S3A 0s°9 *goet 92°L 8L %Y 89%%°0 $22°0 480°0 ¥é2°0 ¥80°0g
m 2802 ON €0°01 °0€01 6%°9 99 LY 129°0 004°0 0s1°0 g2e°0 €80°0 m,
_ w (78 ¥4 ON 16°01 *2611 €2°L 99°s% 1949°0 $2%°0 6$1°0 L12°0 180°0 aw
W L 78 ¢4 ON 80°¢ - egezl 2€°L 88 Sy 1€9°0 L2%°0 091°0 01¢°0. 640°0 F
€612 ON 19°¢ L2t 00°L y6° 5% 419°0 104°0 2s1°0 o12°0 640°0"
i 6122 ON 994 °9s6 94°9 8L Sy €8s°0 €L€°0 ov1°0 cl2°0 6.0°0
} 1122 S3A ¥8°S *$601 6L°9 19°Sy €8$°0 €LE°0 0%1°0 012°0 640°0
M €222 S3A °0 *9201 69°9 90 5 69$°0 6€E°0 121°0 012°0 640°0
! (1.2 24 ON L9 ‘€61l 2L 9L°SY 169°0 28%°0 081°0 041°0 €90°0
4042 S3A 6$°L *2121 i2°2 06°S% 16%°0 42%°0Q 091°0 0oL1°0 €90°0
9L€2 S3IA z2°¢ M 134 1 & 8 89°%y €96°0 €4€°0 0%1°0 041°0 £€90°0
1602 $3A 1s°8 °94101 $8°9 ¥2°6% €6L°0 $69°0 1€2°0 601°0 190°0
¢ 6802 S3A 9y °S *198 91°9 9L°SY 62s$°0 02%°0 L81°0 &01°0 190°0 .
1 612 S$3A L2 Ad 3 *9221 F{ A 0E°sy $64°0 L8€°0 <%1°0 601°0 1%0°0 19°2 WONINOYY
f
!
WD) (SATNOFY (D3AS/WN) (9NW) rncizuxxu. (293NI/NY) (2] (2+3WI/KD) (WD) (II/M2)
1 °ON .u“wc *G 3INGD AS¥NENE ALID0T3A SSYNW VIUV/SSYN | VIUV/SSYN SSSNNIIMHL | VISV/SSYN SLIANNIIHL ALISN3Y IVIedivN
; _oNN0Y  JINH_AVYES :
! $1nS3v 3N 193F0Nd Va0 0 d43dnNe
" (panuriuod) A d1qel




Mask o g

Lty Lo

*Apnis L3jsvep-Tesse-1URIATODd &) 10) porn sl g

0992
€292

Liv?
8142

€6%5¢
s192

ozeZ
1292
6162

€02
€€92
592
1€92
(14 4

$992

S$3A
19

OR
19

ON
9

S3A
$3A

$3.

$34
$3A
S3A
$3A

gzez1
9y
1€
*0°y
eg*9
€1°9
66°€
€0°9
26°%
92°¢
L6°2
6%°L
Lo
¥Z°L

»9°01
§€°9
9°9
6l1°L
6*°$

49°L
L7548

8°S

9401 4L°9
‘Z1tlt 16°9

*aylt ¥1°L
*RETT sG°L

‘%101 §8°9
*€601% €6°9

€911 F4 O 3
ezttt 16°9
L1l L) & 3

L1111 §6°9
o221 80°L
4811 oC°dL
0011 68°9
c9ZIl 10°L

‘6011 96°9
LTIl 10°L
133! €0°L
961l oteL
*e811 oz°2

“193%1 96°L
*g211 10°L

*telt 10°4
*§401 $8°9
i1y 18°9

e9E01  W2°9
211 10°¢

“STIT 0L
080t 4" 3

*6t1t 26°9

21°9y
sL°SY

6Ly
oL sy

eL Sy
59°sYy

06°$y
9L°SY
] 214

*8°%Y
1e°ay
gL %Y
SE° S
€8 sy

95°6y

26° %Y
00° 9%

3L°%Y

g8 gy

08°sy
9L° 5%

19y
S48y
L. 5814
%0° 9y
89°5%

o5y
SL Sy
627 §¥

828°0
E99°0

€€9°0
9860

0L$“0
9¢s°0

¥6°0
02¢°C
98%°0

»38°0
9610
69°0
€65°0
$2%°0

2€6°0

86%°0
$99°0
1€9°0

909°0

£85°0
296°0

600°1
906°0
o270
$E9°0

@9

9E1°0
$22°0C

e18°0
Ltz*o

€& .€°0
SOE°0

L2Z9°0
€LE°0
[-33 2]

ceL*o
t4 E ]
019°0
605°0
1vs°0

L429°0

L0%°0
€LEQ
6£E°Q

€LE®D

i2%°0
18€°0

696°0
§%6°0
21L°0
950
19€°0

425°0
€LE°0
5€6°0

160°0
yeo° o

611°0
2010

L2130
®11°0Q

o%1*0
oyt 0
L21°0

262°0
L92°0
622°0
o61°0
e91°0

051°0

<810
0%1°0
LD

23 2 8V

0%1°C
$*1°0

9%€°0
L1£°0
152°0
917 *0
$61°0

091°0
o¥1t0
&I1%0

26%°0
0Z%°0

$1¢°0
stg%0

1€2°Q
1€2°0

ivl°0
L5190
L9170

%80°0
48L°0
*80°0
980°0
*80°0

$06°0

Te2co
162°0¢
162°0

(3 X A]

s$1°0
$$1°0

€500
85C°0
#5040
£50°0
850°0

220
L2z
22°0

%¥80°0
150°C

Bed"¢
1 37a]

820°0g
8200

8i¢°0
sl0°*Q
831070

g10°0
«10°0
010°0
glut
ol1G°¢C

3%0°0Q

REC°0
BEGC
BEL"Q

0£0°0,

02G*0
C2C*2

kOC G
ddl 0.
#ol°2
Q0w
800°0

1500y
180Gy
156 0g

P

$7°%

Wil wGV¥D

T4ali$

33MOF) (IFS/0N) wuhu?

H

§2aeN3I/ND)

%)

- YIS YN SSakNIINL

{CoshI/nb)

thil

€324m9)

VaNY/SSYR SSaWNNIIML ALl SksQ

Ividdswm

ASNSNE AMINTIA SSVE

uwh!ﬁ(.

=30




SEERIRE RIS b AT A B

L i1 14
13174
1474
LyE2

6Y¥EZ
0§€e
BgE?
ki114
15¢€2

L2424
114 24
Y4 14

€8y
~ Zeve
14124

_ zzv2
owy2

i °ON
voz:ou.
w

ON o¥°§
S3A LE 2
S3A 12°§
S$3A Z29°S
ON 9§°¢
ON 68°1
ON EE°S
S$3A 9%°L
S$3A 96°9
ON oo u
ON §0°L
S3A 22y
ON 60°11
S$3A 2yl
S3A §8°¢
ON LE®S
ON 289
(d))
*4¥3d °0 3INCI
IINH . AVYdS
SLINS 3

*g81r
*oLtl
MLEAS
*9s21

6811
*eolt
*8611
*g911l
‘1121

*8Ell

*ZIrt
*0sT1

*S¥01
*9s01
*L601

‘9111
LA

ASY¥3INI

12°L
1L
yT°L
oy*l

€z°L
§2°L
yi°l
El°L
LecL

90°L
L6°9
L0°L

¥i°9
08°9
26°9

66°9
Lo°L

371123r0%¢d

"Apnis >um-novs~i0hnnun.3-nou ouy acy posn sBurar g »

§9°SYy
e sh
o6° sy
9e°SY

L2 3 14
LSy
L° sy
¥8°SY
98°SY

EL°SY
8L Sy
60°9%

00°9Y%
20°SY
6L°SY

yl°sy
09°gy

(S31NI0) (J3S/748) (94)
ALIJ03A SSUVW

0ZL°0
ZL9°0
6E9°0
¥8§°0

009°0
6E5°0
626°0
164°0
y¥y°o

EL9°D
819°0
¥9<5°0

ESL°0
§0L°0
1L9°0

866°0
298°0

KH2endd/d))
V3IYY/SSYN

“wioL

60§°0
Ty>*0
LZy°o
ELE"O

0BE°O
61€"°0
§0E°0
1L2°0
¥22°0

LZy°o
ELE*D
6€c°0

606°0
19%°0
LZy*0

SCE°D
oL1°o

(Zoedd/AY)
YIHV/SSYKR SS3INNDIHL

051°0
ELTI®O
031°0
oy1°0

2y1°0
611°0
yTI1°0
Z31°0
¥30°0

031°0
ovyi°o
L21°0

051°0
2L1°0
031°0

¥T1°0
£70°0

{42)

112°0 €10°0,

112°0 €10°0,

112°0 €10°0,

1rz-c €10°0,  9°91

0z2°0 020°0,

022°0 0z0°0,

022°0 020°0,

022°0 020°0,

0z2°0 0z0*0,  28°01

§¥Z°0 820°0,

§¥2°0 920°0,

§¥2°0 eZo*0,  8L°8

¥52°0 820°0,

Y920 820°0,

¥y2°o 820°0,  EL°®

269°0 ¥90°0

269°0 ¥80°0
(ZeeWI/NWD) (A3) (33749}

YIUY/SSVR SSINAIIHL ALISN3O

A

KATVLINYL

avN

¥3dd40)

IIWIIN

WIYIivw

(ponurjuon) A 31qe],

CELL (1]

-3]-




ek PARAFFIN BUMPER

p*0.84gm/cc 54
l.l*-
b '2;2
10§ TOTAL SHIELD
2.0
s
-1.8
0

WITNESS PLATE

g d
1.4
Y
'H’ RANGE OF .2
CONSTANT P
L AREAL DENSITY
STUDY .

B
14
®

TOTAL AREAL DENSITY
4 NON-PERFORATION
A PERFORATION

i

WITNESS PLATE AREAL DENSITY
O NON-PERFORATION

WITNESS PLATES/TOTAL SHIELD AREAL DENSITY (gm/cm®) <

@ PERFORATION
ar L4
i+ -2
Iy 'y 3 i by 'S 3 1 O
oz s

3 4 3 6 7
BUMPER AREA. DENSITY (gm/cm®)

Figure 12. Areal Densities of Witness Plates and Complate Shield
vs. Bumper Areal Density for Paraffin Bumpers
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Areal Densities of Witness Plates and Complete Shield
vs. Bumper Areal Density for Steel Bumpers
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APPENDIX I

HYDRODYNAMIC CALCULATIONS OF PEAK IMPACT
PRESSURES BETWEEN PROJECTILES AND BUMPERS

The impact of two objects at high velocities creates strong
inward running shock waves in both of them. The early time charac-
teristics of the shocks and the materials conditicn behind the shocks
may be described by hydrodynamic relationships. Constitutive equation
parameters of precsure, shock velocity, and mass velocity have been
determined by planar shock experiments for a wide variety of materials.
The conservation equations describing the shock and material conditions

 at .he shock boundary are:

D-U

—V% == (Conservation of Mass) (2)

P= -DVI-J (Conservation of Momentum) - (3)

E-Eg = 1/2P(V4-V) (4)
' where

D = shock velocity

U = material velocity behind the shock

P = pressure behind the shock

Vo, V = specific volume ahead and behind the shock

E,, E = specific internal energies in those states

The plot of the locus of states which arise when a2 material is
compressed by shock waves of different intensity is called the shock
adiabat or Hugoniot of the material. This Hugorioct may be developed
from data relating any two of the parameters P, U, D, V, or V/Vo.
In Figure 17 which is the Hugoniot for aluminum, shock pressure, P,
versus the material velocity, U were chosen to be plotted because this
form is useful in computing pressure at a shock boundary when only the
impact velocity is known. When two dissimilar materials impact, the initial
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 Figure 17. One-Dimensional Shock Impact Pressure of Alumimm
o vs. Alamimum Particle Velocity
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shock wave parameters can be determined by solving the two sets of
conservation ecuations simultaneously. This may be achieved con-
veniently by utilizing the reflection Hugoniot technique. Figure 18
demonstrates this process. The curves increasing upward to the right
represents the compression Hugoniots for the bumper materials of
interest. The curve running upward tp the left is the Hugoniot for
aluminum as shown in Figure 17. The absissa of the aluminum
Hugoniot has been reversed and its coordinates translated such that the
impact velocity of 7 km/sec (typical of those in the experiments) is

set equal to that material velocity in the pellet when the impact pressure
is zero. The bumper material Hugoniot curves with the reversed
aluminum curve yields the initial interface pressure between aluminum
and the bumper materials and their respective mass velocities with
resnect to the vndisturbed bumper rnaterial. This coordinate reversal
and translation can be shown to yield a valid solution of the simultaneous
conservation equations for the aluminum sphere and the bumper
materials.

The initial interface pressures for aluminum pellets impacting
each of the bumper plate materials is presented in Table VI and in
Figure 9 in the main text. The rate of decay of these pressures is a
function of the equation of state of the materials involved and of the
geometry of the impact. The reflection technique is strictly valid cnly
for planar impacts or for the earliest phases of spherical impacts. Edge
rarefractions and shock focusing effectz appear during non-planar
impacts and rapidly modify the pressure profiles as time progresses.
The pressures shown are the peak pressures actually achieved during
these impacts. The amount of residual energy remaining in material
after passage of a shock wave is dependent upon the total material
equation-of-state as well as the shock Hugoniot. Equation (4) is an
expression of the specific energy in shocked material. It states that
this exergy is equal to the area under a straight line connecting the
initial and shocked material condition on a shock pressure vs. specific
volume plot (Rayleigh line). The release wave which returns the material
to zero pressure is very nearly isentropic. Its path from the peak
pressure to zero pressure can be computed from a complete material
equation-of-state by employing the consatraint that the entropy of the
material in the shocked state be conserved. The area under the
isentrope from peak pressure to zero pressure represents the energy
yielded up by the material to the ongoing shock waves. The residual
energy trapped in the material is the differences between the total
energyv of the shocked material and that transferred out of the material
by expansion or the differences between the two areas described above
(see Figure 19}, This energy appears as heat in previously ghocked
material. A computational technique for carrying out residual heat
computations uging a Fortran 1Y language computer program is described
in Reference 15,
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TABLE VI

. $hock Pressures Induced in Bumper Materials

Whth ﬁapacted by Aluminum Pellets Traveling at 7.0 km/sec
iProuuru Calculated Using One-Dimensionai Approximation)

' ) 1. D. Impact
Material Density Pressure

gm/cc St

Paraffin .84 -
lsulyethylene .92 \ . 44
Water 1.00 .44
Mg-Li {alloy) 1.37 .62
H&gnelium 1.76 .70
“Teflon' %N .76
Glass 2.19 .84

Aiumimm (6061) 2,67 . 965

Titanium | 4,46 1.14
Cadmiym g.26 1.41
Steel 7. 65 1. 46
Lead 10. 82 1.46
Copper 8.78 1.49
 Mickelw . | - 8.73 1.53
Thatslum | 16,64 1.73
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